Scalable pendulum energy harvester for unmanned surface vehicles by Graves, J et al.
Sensors and Actuators A 315 (2020) 112356
Contents lists available at ScienceDirect
Sensors  and  Actuators  A:  Physical
journa l h om epage: www.elsev ier .com/ locate /sna
Scalable  pendulum  energy  harvester  for  unmanned  surface  vehicles
James  Graves,  Yang  Kuang ∗,  Meiling  Zhu ∗
College of Engineering, Mathematics and Physical Sciences, University of Exeter, Exeter, EX4 4QF, UK
a  r  t  i  c  l  e  i  n  f  o
Article history:
Received 14 April 2020
Received in revised form 4 August 2020
Accepted 11 September 2020









a  b  s  t  r  a  c  t
This  paper  proposes  a novel  pendulum  energy  harvester  design  for converting  energy  of low  frequency
ambient  vibration,  such  as  that found  in unmanned  surface  vehicles  (USVs)  due to ocean  waves,  into
usable  electrical  energy.  The  primary  novelty  of  this  design  is the  mechanical  rotation  rectifier  (MRR)
system,  which  is able  to  improve  on existing  designs  through  the  use  of  spur  gears  and  sprag  clutches
capable  of handling  significant  torque,  in an  arrangement  which  is  easily  scalable  to larger  devices.  Using
a  minimal  number  of  offset  gears,  this  system  is designed  to maintain  high  efficiency  and  minimal  back-
lash.  The  energy  harvester  was  proven  to produce  a maximum  normalised  average  power  output  of  20.62
W/g2,  corresponding  to an average  power  of  0.72 W  and  a  power  density  of  0.43  W/kg,  at 0.186  g rms
acceleration.  The  resonant  frequency  of  the system  is designed  at 1  Hz,  within  the  range  of  the  expected
natural  frequencies  of USV  motion.  The  energy  conversion  efficiency  at resonance  was  43.5  %. Further-
more,  a mathematical  model  was  developed  and  verified  through  experimental  testing,  and  was  used  to
simulate  the effects  of various  pendulum  lengths,  masses  and  flywheels  on  the  system.  This  demonstrates
the  specific  negative  relationship  between  pendulum  arm  length  and  natural  frequency  of  the  system,
as  well  as  the  positive  correlation  between  pendulum  mass  and  maximum  power.  Furthermore,  higher
inertia  flywheels  are  shown  to produce  significantly  smoothed  voltages  and  increased  output  power,
while  extending  the  time  it takes  for the  harvester  to reach  steady  state.  It  is  concluded  that  this  device
would  be  viable  for assisting  in  powering  USV  communications  and extending  the  exploration  life of
these  vessels.
















With an ever increasing concern for the future state of the planet,
there is significant demand for the ability to monitor wildlife and
climate across the globe. There are, however, parts of the sea where
exploration and recording of data are difficult, leading to the height-
ened prevalence of unmanned surface vehicles (USVs). While such
vessels can operate for days or weeks with batteries or fuel cells,
these have finite capacity, and solar can be useful but long-term
operation in the often dark Arctic and Antarctic oceans is yet out of
reach. Energy harvesting from the vibration of these vessels, gener-
ated by ocean waves, could provide an alternative source of power
to greatly extend their period of operation.
The electric power source of this type of vessel is used for sen-
sors and navigation. The requirement can vary depending on the
size and function of the vessels. Existing research has shown the
demands for similar vessels to be in the range of multiple watts [1].
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 study by Yin et al. [2] assesses the natural frequencies of various
ized ships, and shows that these lies in the range of approximately
.5–3.5 Hz in the vertical direction. While there has been signifi-
ant research into the use of piezoelectric [3–6], triboelectric [7,8]
nd small electromagnetic [9–13] transducers for harvesting ambi-
nt vibration, electromagnetic energy harvesters utilising electric
otors as generators are most likely to be capable of producing this
igh power demand [14–16]. A large proportion of existing small-
cale electromagnetic designs for surface wave energy harvesters
nvolve one part of the system being submerged, with another sec-
ion floating on the surface, and energy extracted from the varying
isplacement with time between the two  [17,18]. While this can be
ery effective for buoys and other fixed-position structures, having
uch a device submerged in the water would create substantial drag
n a moving vessel, and hence is not practical for USV use. There-
ore, there is a need to study inertial vibration energy harvesters
or converting wave energy, such that a device can be developed to
t within the hull of a USV.Small-scale inertial wave vibration energy harvesting fre-
uently comes in the form of floating buoys [18]. These buoys
ften rely upon vertical single-axis vibration perpendicular to the
ave fronts, and there are many electromagnetic energy harvesters
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which have been designed for harvesting this type of excitation
[19–21], including the use of dual mass systems [22]. One such
mechanism was designed by Rome et al. [23], using the vertical
motion of a 38 kg backpack during walking to produce 7.4 W of
power. As well as those designed for vertical motion, a number of
devices harvest the pitch and roll of vessels. Townsend [1] designed
a gyroscopic energy harvester for use in autonomous underwater
vehicles, using a motor driven flywheel to amplify the torque from
vessel motion; however, this is yet to produce a net power gain.
Pendulums have been utilised extensively for harvesting this type
of motion, converting ambient inertial vibration into rotation of a
pendulum mass to drive a motor, usually relying on resonance. One
such energy harvester specifically designed to power USVs has been
demonstrated by Borowiec et al. [24], which uses a small pendulum
coupled to DC motors through a rack and pinion. This device was
previously tested by Mitcheson et al. [25], alongside a proposed
system for altering the natural resonant frequency of the pendu-
lum using power electronics, though this has had limited success
with increasing power at any frequencies compared with the usual
response. While compact, the rack and pinion used in this design
limits the range of motion of the pendulum, and the use of two
DC generators is inefficient and would increase the complexity of
power management. On a larger scale, Marszal et al. [26] exper-
imented with a parametrically excited pendulum-based energy
harvester using a single one-way clutch and large flywheel. This
study showed a low power to weight ratio with a mass of 5.07 kg
and a maximum power of less than 0.5 W,  perhaps due to the single
clutch only harvesting half of the pendulum motion. More detailed
analysis of parametric pendulum dynamics with respect to nonlin-
ear behaviour has been given by Wiercigroch et al. [27]. Boren et al.
[28] developed a pendulum in the form of a mass revolving around a
vertical axis to convert wave motion to electricity. A further design
was demonstrated by Liang et al. [29], with a bidirectional to unidi-
rectional mechanical motion rectifier (MMR), using bevel gears and
two one-way roller clutches, with the output gear driving a geared
DC motor to generate power. This design appears to be the most
promising of those reviewed, with a moderate power density, but
bevel gears are not always efficient at handling large power, and
are known to cause axial loads on one another which may  affect
the lifetime of the clutches used.
This work develops an alternative pendulum energy harvester
with a completely novel mechanical rotation rectifier system, to
harness the motion of USVs, which uses minimal spur gears through
their offset layout for rectification of the input motion. Spur gears
are the most reliable and often most efficient type of gear for this





Fig. 1. Overall design of pendulum energy harvester: (a) out nd Actuators A 315 (2020) 112356
o axial thrust on their shafts. Two one-way sprag clutches are
sed to convert bidirectional input excitation into unidirectional
otation of a geared motor. These clutches are larger than the roller
lutches often used in previous literature [29], and can transmit
reater torque with extremely low backlash. These factors, along
ith a high torque, high gear ratio gearhead and efficient motor, are
esigned to allow this energy harvester to reliably transmit larger
mounts of power than previous designs of this size. In addition, the
imple design of the harvester enables changes to be made easily
hich allow it to be scaled to the required operating conditions.
caling of the pendulum arm length, mass and flywheel inertia
llow the resonant frequency, power level and amount of output
ectification to be tuned with little or no alteration to the overall
esign. While the literature cited above demonstrates an array of
ignificant research contributions which have helped to guide this
esearch, it is difficult to compare the many harvesters as the phys-
cal properties of the devices and/or testing conditions and results
re often incomplete in the writing. As such, a detailed quantita-
ive comparison of device capabilities cannot be made, though the
ovelty and performance of the energy harvester proposed in this
aper will be clear.
. Description of energy harvester design
The overall design of the pendulum energy harvester is shown
ut of the vessel in Fig. 1(a), which consists of a pendulum frame,
ass, mechanical rotation rectifier (MRR) and a geared motor with
 flywheel, where the flywheel is present or not depending on the
ontribution to the output power, which will be discussed in Sec-
ion 4.5. The longest shaft acts as a fixed centre of rotation across
he width of the USV, secured at its ends into the hull, as shown
n Fig. 1(b), such that the entire pendulum frame, when actuated
y a pitching motion due to ocean waves, rotates about it. Having
he entire assembly rotate allows the device to be easily mounted
nto the hull of a USV, while allowing the weight of the motor and
ears to contribute to the mass of the pendulum. The bidirectional
otion of the pendulum is transmitted to unidirectional rotation
y the MRR  specifically developed by the authors to increase the
nergy conversion efficiency of the DC motor generator. This unidi-
ectional rotation drives the motor to produce electricity. The MRR
s composed of two  one-way-clutches and 4 offset spur gears.
The working mechanism of the MRR  is shown in Fig. 2. On the
ong central shaft are two  one-way clutches, mounted in oppos-
ng directions with gears fixed to the outer race of each, as shown
n Fig. 2(a). The two smaller shafts each have a single gear fixed
o them, meshing with each other, and arranged such that each is
of vessel, and (b) on board, showing a section of a USV.

























Fig. 2. CAD model demonstrating working mechanism of the pendulum energy ha
of  gearing, demonstrating spur gear offsets, (c) End view of gearing during anticloc
pendulum.
in contact with one of the one-way clutches. The power transmis-
sion through these gears can be seen in Fig. 2(c & d), demonstrating
the behaviour of the system during rotation of the pendulum arm
in the anticlockwise and clockwise directions. It can be seen from
this that in the anticlockwise direction (Fig. 2(c)), ‘one-way clutch
1’ engages, driving the ‘idle gear’ which in turn drives the ‘out-
put gear’. In the clockwise direction (Fig. 2(d)), ‘one-way clutch 2’
engages, driving the ‘output gear’ directly. This efficient use of min-
imal gears is made possible entirely by offsetting the gears from
their usual planes, as is shown in Fig. 2(b). By keeping the num-
ber of gears to the least possible, the efficiency of the system is
maximised and the backlash in the system minimised.
Due to the presence of clutches, when the input velocity of the
pendulum is less than the output speed to the motor i.e. as the pen-
dulum arm slows to a stop before changing direction, the clutches
will freewheel and allow the motor to continue running without
being slowed along with the input. This increases the power out-
put of the system by (a) allowing the voltage output to remain
greater than zero, hence continuing to produce power even when
there is no input to the system due to the rotational momentum
of the geared motor, and (b) ensuring that the motor is not forced
to stall as the input velocity reaches zero, which would require
significantly more torque to restart (and hence reduce power out-
put) than to drive a motor which is already running in the same
direction.
Scaling of the design is a simple process, involving a change
of the pendulum mass and ensuring that the clutches and gear-
head are capable of handling the torque provided by such a mass.
Therefore, a higher power version would potentially require larger
clutches and a higher torque gearhead, keeping the overall design





r during operation: (a) 3D cut-away view of gearing assembly, (b) Top-down view
 direction of pendulum, and (d) End view of gearing during clockwise direction of
f all components and hence allow for a lighter and more compact
arvester.
The DC motor used as the generator is a Maxon A-max 26, con-
ected to a Maxon GP 32 A 103:1 planetary gearhead (Maxon Motor
K Ltd., Berkshire, UK). This motor was chosen for its low rotor iner-
ia and stall torque, thus keeping the torque required to drive it to a
inimum, and for its high efficiency and speed constant thus max-
mising the power produced by the motor at any given speed. The
earhead ratio was  chosen to maintain the motor at a speed equal to
r greater than its normal operating speed, with a planetary design
sed for its compact size and high torque capabilities. The gearhead
s mounted to an end plate of the frame. The input to this gearhead
s directly fixed into the output shaft, by means of turning a hole
n the end of the output shaft and fixing the gearhead shaft inside
sing a grub screw. The pendulum arm is a long piece of aluminium
late with holes down its length, forming part of the frame, upon
hich the pendulum mass is fixed.
. Mathematical modelling
A mathematical model of the pendulum energy harvester sys-
em has been developed to analyse the system. The purpose of this
ork is that, following the model verification with experimental
esults, it can be used to predict the performance of the device
nder various parameter changes and thus demonstrate its scal-
bility and adaptability to different operating conditions.
A diagram of the pendulum system is shown in Fig. 3. The dis-
ance from the centre of the pendulum mass, mM , to the pivot is
M . The MRR, chassis, gear head and DC generator are represented
ogether as a mass, mP , with a distance of lP from the pivot. A har-
onic acceleration with an amplitude, A, and angular frequency,



































the clutches disengaging and re-engaging. Table 1 gives a list of theFig. 3. 2D diagram of pendulum system.
ωf , is applied along the x-axis. As a result, an angular displacement,
, of the system is produced which drives the generator through
the MRR  and gearhead. As described in Section 2, the involvement
of clutches in the system can lead to them freewheeling and hence
the output disengages from the driving input. This means there are
two states of the system:
1) Coupled: ̇nSnG ≥ ̇GB, while the generator is driven by the pen-
dulum.
2) Uncoupled: ̇nSnG < ̇GB,while the generator has no input
applied to it.
where ̇ is the angular velocity of the input pendulum arm, ̇GB
is the angular velocity of the motor output and gearhead, and nS
and nG are the gear ratios of the spur gear MRR  and gearhead,
respectively.
a) Coupled System – Driven Output




(JP + JM) ̇2 +
1
2
(JF + JG + JGB)̇2GB (1)
where JP and JM are the rotational inertia of the pendulum chas-
sis and affixed mass with respect to pivot, and JF , JG , and JGB are
the rotational inertia of the flywheel, generator and gearbox with
respect to their centre of rotation parallel to the z-axis, respectively.
̇GB is the angular velocity of the generator and gearhead.
The potential energy, V, of the system is:





where mP is the mass attached to the pendulum arm, at a distance
lP from the origin, and mM is the mass of the pendulum chassis,
with centre of mass lM from the origin.
The non-conservative forces acting on the system are due to the
input excitation from motion, and the back electromotive voltage
of the generator. The back emf, VG , from the generator is calculated
as:
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where ke is the known voltage constant of the motor used here
s the electrical generator. The resistive torque produced by the
enerator with electrical current IG is hence:








here kt is the known torque constant of the motor, and Ri and
L are the internal resistance of the generator and attached exter-
al resistive load, respectively. nS and nG are the ratios of the spur
ears and gearhead respectively. ̇GB is the rotational speed of the
enerator, where ̇GB = ̇nSnG .
The energy into the system is due to input excitation, which can
e modelled as a sinusoidal input acting in the horizontal x plane.
he generalised moment, Q, acting on the system, therefore, is:













Calculating the Lagrange function, L = T – V, using Eqs. (1 and 2)











The equation of motion of the system with added mechanical
amping is:
JP + JM + (JF + JG) n2s n2G + JGBn2S )̈ + (cE + cMP + cMG) ̇  + (mPlP





here cMP and cMG are the added mechanical damping of the pen-
ulum side and gearbox/motor side of the system, respectively,
eparated by the clutches.
) Decoupled System – Free Output
Consider now the time for which the pendulum arm is rotating
t a slower rate than the driven spur gears. The clutches will free-
heel and the input of the pendulum will be disconnected from
he gearhead and generator. This leads to two decoupled systems:
a) the pendulum actuated by the input excitation, which can be
escribed as in (9); (b) the free spinning of the spur gears, gear-
ead and generator, which is represented by (10). In this case, the
ondition for this decoupling is ̇nSnG < ̇GB.
JP + JM)̈ + cMP̇ + (mPlP + mMlM)gsin





(JF + JG) n2s n2G + JGBn2S
)
̈ + (cE + cMG) ̇ = 0 (10)
) Illustration of Combined System
The system was modelled from Eqs. (8)–(10), coded using MAT-
AB, which was  then used to simulate and plot the response of
he harvester. An illustration of Eqs. (8)–(10) can be seen in Fig. 4.
ere, the pendulum input velocity, ̇nSnG , is compared to the out-
ut velocity, ̇GB, clearly showing a decoupling of the two betweenhysical parameters of the pendulum system, used as variables in
he mathematical model to define the system for comparison to
xperimental results in Section 4.
J. Graves, Y. Kuang and M. Zhu / Sensors a
Fig. 4. Illustration of angular velocity of the system on either side of the clutches at
start up, demonstrating decoupling of the system.
Table 1
Prototype energy harvester parameters.
Variable Description Value Unit
JP Rotational inertia of chassis 3.5655 × 10−4 kg·m2
JM Rotational inertia of mass 0.0484 kg·m2
JF Rotational inertia of flywheel 0 to 1.5 × 10−5 kg·m2
JG Rotational inertia of generator 1.25 × 10−6 kg·m2
JGB Rotational inertia of gearbox 9.1 × 10−7 kg·m2
mP Mass of chassis 0.674 kg
lP Distance from pivot to chassis
centre of mass
0.023 m
mM Pendulum mass 1 kg
lM Length of pendulum arm 0.22 m
mF Mass of flywheel 0 to 0.075 kg
rF Radius of flywheel 0.02 m
ke Generator voltage constant 19.897 (Rad/s)/V
kt Generator torque constant 2.186 × 10−4 Nm/V
Ri Internal resistance of generator 30.1 
RL Resistance of external
electrical load
100 to 1500 





















































can be obtained, as shown in Fig. 8.nG Gear ratio of gearbox 103:1 –
4. Results and discussion
4.1. Experimental setup
The pendulum energy harvester was tested without a flywheel
using the setup shown in Fig. 5. The central shaft of the harvester
was fixed into a steel frame, which was secured to an APS 113 long
stroke shaker via an auxiliary table kit (Techni Measure Ltd., Don-
caster, UK). The shaker was excited via the combination of a signal
function generator, set up to produce a sine wave of the desired fre-
quency, and a power amplifier which used the generated signal as
an input, with its output driving the shaker. The output terminals
of the generator were connected to a load resistor. The accelera-
tion produced by the shaker was measured via a Kistler 8762A5
accelerometer (Kistler Instruments Ltd., Hampshire, UK). The volt-
age outputs from the accelerometer and across the load resistor
were measured using National Instruments Data Acquisition (DAQ)
hardware, and recorded via LabVIEW software on a desktop com-
puter. A LabVIEW program was used to calculate and record the
cumulative energy produced by the system based on voltage and
known resistive load, which was then used to calculate average
power over a period by dividing the total energy by the time in
seconds. Normalised voltage was then calculated by dividing the
average voltage by the rms  acceleration, and normalised power
o
i
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alculated by dividing the average power by the square of the rms
cceleration.
.2. Initial experimental results
Typical performance traces from experimental testing are
hown in Fig. 6, with voltage, power and acceleration recorded
imultaneously. The device has been tested at two different fre-
uencies, 1 Hz and 2 Hz, and the results compared with those of
he mathematical model to demonstrate its performance under
ifferent conditions. In the mathematical model, the mechanical
amping coefficients cMP and cMG were varied until the sum of the
bsolute voltage errors between simulation and experiment across
he frequency range of 0.5−2 Hz was minimised. The values of cMP
nd cMG minimising the voltage errors were found to be 0.041 and
.022, respectively.
Something to note is that the major output voltage and power
eaks every 0.5 s each have an extra smaller peak for 1 Hz. As seen
rom Fig. 6(a), the shaker is not able to produce an accurate sinu-
oidal acceleration at this low frequency, and it is this limitation
hich is causing the behaviour of the generator output. This is then
vercome at 2 Hz, where the input acceleration resembles a near
erfect sine wave. As can be expected, two  alternating sets of major
eaks in voltage and power are observed, where Set 1 peaks are
igher than Set 2. The Set 1 peaks are produced when the pendu-
um rotates in the clockwise direction (Fig. 2(d)), where the driving
ear meshes directly with the output gear. Set 2 peaks are pro-
uced when the pendulum rotates in the anticlockwise direction
Fig. 2(c)), which involves the additional meshing of the idle gear,
ntroducing additional damping and backlash and hence leading to
 slight reduction in output voltage and power. Although the input
xcitation takes a sinusoidal form, i.e. the speed of the pendulum
rm crosses zero, the output voltage is always larger than zero.
his is due to the freewheel of the clutches when the pendulum
rm speed is less than the output speed to the motor, allowing the
otor to continue running without being slowed with the pendu-
um arm. It can also be seen that the simulation results are very
ccurate at 1 Hz, but underestimate the voltage and hence power
t 2 Hz. This is because the damping coefficients in simulation were
elected to minimise the sum of the errors between simulation and
xperiment across the frequency range from 0.5 to 2 Hz. As a result,
he errors between simulation and experiment can vary at different
requencies.
.3. Determining optimal load
To determine the optimal load resistor for the pendulum energy
arvester, the voltage was measured across a range of external
oads at 1 Hz. The average power was then calculated by record-
ng the total energy produced over a 10 s period and dividing by
0. The input excitation was maintained at 0.18 g and the average
ower at each load resistor was  normalised over input accelera-
ion, as shown in Fig. 7. The pendulum energy harvester produces
he maximum power of 20.62 W/g2 when a 900  load resistor is
onnected. In the frequency range of interest in this study, the opti-
al  load of 900  is expected to remain unchanged and therefore
as  used for all further testing.
.4. Final system experimental results
Repeating the same experiment as in Fig. 6, now with the opti-
al  load of 900 ,  the response of the energy harvester at resonanceUsing the optimal load resistor, the average voltage and power
f the energy harvester was  measured between 0.5 Hz and 2 Hz. The
nput displacement was maintained at the maximum displacement
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Fig. 5. (a) Experimental setup for testing energy harvester prototype and (b) prototype pendulum energy harvester without a flywheel.
Fig. 6. Comparison of measured experimental and simulation results of pendulum energy harvester with 1000  load and with mF = 0, where (a) & (b) input acceleration,
(c)  & (d) corresponding instantaneous voltage output of harvester, and (e) & (f) corresponding instantaneous power output of harvester, when actuated at 1 Hz and 2 Hz
respectively.












Fig. 7. Normalised average power output of the energy harvester connected to
different load resistances, when actuated at 1 Hz and mF = 0.
of the shaker, at 150 mm peak to peak. The acceleration at differ-
ent frequencies was therefore not constant, as the displacement
was fixed across all frequencies. To compare the output at different
frequencies, the voltage and power are normalised over acceler-
ation and the square of acceleration, respectively, in accordance
with known proportional relationships between these readings
and acceleration [30]. The normalised average voltage and power
responses of the energy harvester are shown in Fig. 9(a & b). The
corresponding simulation results are also provided for comparison.
The simulation results show an accurate resemblance to the
experimental results, with some minor discrepancies in per-
formance at frequencies higher than resonance. The pendulum
energy harvester clearly has a resonant frequency at 1 Hz, at
which it produces the normalised maximum voltage of 136.2 V/g
and normalised average power of 20.62 W/g2. When actuated
at an acceleration of 0.186 g rms, the pendulum energy har-
vester produced peak voltage of 37 V and peak power of 1.4 W.
The average voltage and power are 25.44 V and 0.72 W,  respec-
tively. Considering the overall mass of the system of 1.674 kg,
this gives a power density of 0.43 W/kg, or a normalised power
density of 12.32 W/g2/kg. Table 2 compares the performance of
low-frequency vibration energy harvesters. The pendulum energy
harvester developed in this study has a higher normalised power
density.
Considering now the efficiency of the system, the energy into
the harvester can be compared with the measured electrical energy
out. In this case, the input energy into the system is due to the
motion of the shaker, and the energy out can be determined from
the measured output power of the system during testing. The input
energy provided by the shaker can be estimated by using the known
input torque due to the moving pendulum mass:





Integrating the product of this torque with angular displacement
of the pendulum arm, the input energy to the system can be cal-
culated for a particular frequency. At 1 Hz, this produces an input
energy of 1.66 J per second. The output energy from the harvester
in one second is known to be 0.72 J, giving a system efficiency of
43.5 % from input vibration to output power, at resonance.
4.5. Effects of key harvester parameters
This section investigates the variation of key energy harvester
parameters in order to determine their effect on performance
and to illustrate the potential to optimise the device for different
applications. The key parameters are the pendulum arm length,





ig. 8. Measured instantaneous voltage and power output from generator when
onnected to a 900  load at 1 Hz excitation with 0.18 g rms acceleration and
F = 0 kg.
ithin the mathematical model and the corresponding perfor-
ance of the harvester is simulated in each case. They were chosen
o be varied because they were expected to have the most signifi-
ant effects on the device performance, and to be practical to change
ithout making major alterations to the energy harvester.
) Effect of Pendulum Arm Length
First, the energy harvester was tested experimentally using a
ifferent pendulum arm length from the initial test of 0.145 m,  with
he results compared to the simulation in order to verify that theathematical model is accurate at different arm lengths, as shown
n Fig. 10. The normalised power output of the harvester was then
imulated in the frequency domain across a range of pendulum
rm lengths, from 0.1 m to 0.3 m,  shown in Fig. 11. As expected,
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Table 2
Performance comparison of low-frequency vibration energy harvesters.
Energy Harvester Type Frequency (Hz) Acceleration (g) Inertial Mass (kg) Power (mW) NPD (W/g2/kg)
Graves et al. EM 1 0.186 1.6 720 12.32
Liang  et al. [29] EM 1 – 0.36 – 1.6
Saha  et al. [31] EM 2.5 1 0.027 1.86 0.069
Kuang et al. [10] EM 5.8 0.2 0.014 1.31 2.37
Arakawa et al. [32] ES 10 0.40 0.7 × 10−3 6 × 10−3 0.054
Types: EM - electromagnetic; ES - electrostatic.
Fig. 9. (a) Normalised average voltage and (b) normalised average power output of
pendulum energy harvester when connected to a 900  external load and mF = 0 kg.
Fig. 10. Normailised average power output of pendulum energy harvester when
connected to a 900  external load, lM = 0.145 m,  mM =1.0 kg and mF = 0 kg.
Fig. 11. Simulated resonant frequency of pendulum energy harvester compared
with pendulum arm length, when connected to a 900  external load, mM =1 kg and


















ig. 12. Simulated normalised average power output of pendulum energy harvester
ith varying pendulum arm length, when connected to a 900  external load, mM
1.0 kg and mF = 0 kg.
his clearly shows the resonant frequency of the device decreasing
ith increasing arm length, which is a commonly known trait of
endulums. In addition, the bandwidth was  also reduced as the arm
ength is increased. The relationship between resonant frequency
nd pendulum arm length can be drawn from this, and is shown
n Fig. 12, thus allowing the natural frequency of the device to be
asily tuned to a range of frequencies dependant on the operating
onditions, by scaling the arm length.
) Effect of Pendulum Mass
The effects of the pendulum mass were investigated using the
ame method, again starting with experimentally validating the
odel using a different pendulum mass from the initial test of
.75 kg, as shown in Fig. 13. The output power from the device
as then simulated across different masses, from 0.5 kg to 1.5 kg,
s in Fig. 14. This shows the increase in power as the pendulum
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Fig. 13. Simulated average power output of pendulum energy harvester with vary-
ing  pendulum mass, when connected to a 900  external load, lM = 0.22 m and mF
= 0 kg.
Fig. 14. Average power output of pendulum energy harvester when connected to a








































externally connected electrical loads concluded that 900  wasFig. 15. Simulated maximum average power output of pendulum energy har-
vester with different pendulum masses, when connected to a 900  external load,
lM = 0.22 m and mF = 0 kg.
mass is increased, with little to no effect on the resonant frequency.
Fig. 15 illustrates the relationship between the peak maximum
normalised power and the pendulum mass, with each data point
simulated with corresponding optimal external load. This demon-
strates another part of the design which is clearly scalable, enabling
the device to match various power demands. It is also important to




ig. 16. Simulated voltage output of pendulum energy harvester at start up when
onnected to a 900 external load and excited at 1 Hz, with various flywheels.
le or no increase in the mass of the chassis. Since the power of
he system is almost entirely dependent on the affixed weights,
ncreasing mM would lead to higher power gains compared to the
roportionate increase in mass. Therefore, larger versions of this
evice would have greater power density, and it can be scaled up
o produce power in the range of multiple watts thus making it a
iable energy source for USVs.
) Effect of Flywheel Inertia
With a large proportion of existing studies of pendulum energy
arvesters including a fixed flywheel [26,29], the system in this
ork was  tested without to accurately determine a baseline per-
ormance for the device. The performance of the harvester with
ywheels of different inertia was  explored using simulation. The
imulated transient responses of the energy harvester are shown
n Fig. 16. As the inertia of the flywheel increases, the time to
each a steady state is also increased. With no flywheel, the time to
each a steady state is around 3 s, rising up to approximately 14 s
or JF = 1.5 × 10−5 kg·m2. Although a higher inertia of the flywheel
eads to a longer transient time, it produces a smoother output
ot just in the transient process, but also at steady state, as shown
n Fig. 17. Without a flywheel, the voltage output varies between
7 and 37 V; with JF = 1.5 × 10−5 kg·m2, the variation is reduced
o between 27 and 30 V. The effects of the flywheel on the power
utput of the pendulum energy harvester at different excitation
requency is presented in Fig. 18. The flywheel slightly increases
oth the resonant frequency and power output. This is likely due
o the reduced damping ratio resulting from the increased inertia
nd unchanged damping coefficients.
. Conclusion
In this study, a pendulum energy harvester with a mechanical
otation rectifier (MRR) has been designed, modelled, prototyped
nd characterised to harvest low frequency ambient vibration, gen-
rated by ocean waves to supply power for unmanned surface
ehicles. The energy harvester employs a novel MRR  design involv-
ng offset gears and clutches, allowing the use of a minimal number
f spur gears to maximise efficiency and reduce the backlash of
he transmission line while maintaining high torque capabilities.
his design has been accurately 3D modelled in detail and fabri-
ated in an all-metal construction. Testing the device with varyinghe optimal resistor for maximum power out of the system at
he resonant frequency of 1 Hz. Carrying out frequency sweeps on
he device under this connected load demonstrated a maximum
10 J. Graves, Y. Kuang and M. Zhu / Sensors and Actuators A 315 (2020) 112356
Fig. 17. Simulated voltage output of energy harvester during steady state when connecte


















coupled buoy structure, Appl. Ocean. Res. 50 (2015) 110–118.Fig. 18. Simulated average power output of pendulum energy harvester connected
to  a 900  external load with various flywheels.
normalised power output of 20.62 W/g2, corresponding to 0.72 W
at 0.186 g rms  acceleration, giving an overall power density of
0.43 W/kg, or 12.32 W/g2/kg, and a maximum efficiency from input
excitation to electrical power output of 43.5 %. The 1 Hz resonant
frequency of the device lies within the expected natural frequency
range of marine vessels, and could be further tuned to match the
specific needs of a particular vessel. A mathematical model has been
derived with consideration of the coupled and decoupled states of
the system to simulate and predict the response and performance
of the device to a given sinusoidal input vibration. The mathe-
matical model correlated well with the experimental results. This
paper went a step further and carried out simulation analysis of
the effects of varying three key device parameters of the pendu-
lum, showing the specific relationships between pendulum arm
length and natural frequency, and pendulum mass and maximum
power. In addition, the effects of different flywheels were inves-
tigated, demonstrating a clear smoothing of the voltage at higher
flywheel inertias, as well as an overall increase in power duringd with a 900  external load and excited at 1 Hz, with different flywheel inertias:
teady state at the expense of extended start up time. This device
as the potential to assist in powering USV communications at its
urrent size, but can be easily scaled up to produce power in the
ange of multiple watts and thus providing an effective source of
nergy for extending the duration of exploration for USVs.
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